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I. Abstract 
Function is closely related to form in biological systems, and one of the more recent 
advancements in structure-function relationships is in our rapidly expanding understanding of the 
tertiary structure of RNA. The ability of an RNA to fold back on itself and form tertiary 
interactions affects catalysis, protein synthesis, and assembly of ribonucleoprotein complexes.1,2 
Here, we utilize SHAPE-JuMP (selective 2’-hydroxyl acylation analyzed by primer extension 
with juxtaposed merged pairs) to examine the tertiary structure of RNAs. SHAPE-JuMP is a 
technology developed in the Weeks laboratory. It uses an RNA crosslinker trans-bis-isatoic 
anhydride (TBIA), reverse transcription, sequencing, and computational analysis to reveal where 
RNA interactions occur in three-dimensional space.  
We show that reverse transcriptase C8 can successfully locate cross-links in RNase P, 
mapping RNase P’s tertiary structure using SHAPE-JuMP. We also reveal that the C8 
polymerase can successfully reverse transcribe the random-primed 16S subunit of E. coli 
ribosomal RNA. The 16S rRNA subunit is 1533 nucleotides in length, which suggests that 
performing SHAPE-JuMP experiments on longer RNAs with the C8 polymerase is feasible, and 
may ultimately reveal their three-dimensional structures. When fully realized, this project will 
serve as a model system for measuring and understanding the spatial dynamics of RNA. 
  
I. Introduction 
Importance of RNA Structure 
While the central dogma of biology portrays RNA as the intermediary between DNA and 
protein synthesis, this framework fails to address the overwhelming presence of noncoding RNA 
sequences as well as the roles that higher-order structures play in RNA’s functionality.3 Internal 
Watson-Crick base-pairing of the primary sequence of RNAs can form secondary structures, 
such as stem loops and pseudoknots.4 Currently, there are an array of technologies for solving 
these structures, which has led to the unveiling of structure-function relationships in RNAs.5 
However, RNAs are even more dynamic and can fold back on themselves to form distinct 
conformations in 3D space.2 Furthermore, RNA tertiary structure largely affects its functional 
capabilities and molecular interactions.1,2 Noncoding RNAs (ncRNA) – the largest RNA class –
can act as scaffolds for ribonucleoprotein (RNP) complexes, affecting gene transcription.6 Many 
RNAs go beyond scaffolding and are the catalytic core for RNP function.7  
Ribonuclease P (RNase P) is important for the maturation of tRNA, catalyzing the 
hydrolysis of the 5’ leader sequence of precursor-tRNAs.7 While comprised of both protein and 
RNA, the RNase P RNA is the key component responsible for its catalytic function. 
Furthermore, the RNA has a specific fold that allows it to function properly.8 Similarly, the 
ribosomal RNA (rRNA) in E. coli is the catalytic component of the peptidyl transferase enzyme 
activity, and the rRNAs adopt specific conformations in 3D space when associated with 
ribosomal protein.9 Overall, these noncoding RNAs and more require a specific three-
dimensional conformation in order for them to have their desired biological function.7 Even a 
number of mRNAs require distinct tertiary structures – usually on the 5’ and 3’ UTR – for 
regulating gene translation.7,10 However, it remains difficult to model RNA tertiary structure at 
high accuracy.10 Learning more about specific structure-function dependencies in RNA tertiary 
interactions can then lead to an enhanced, general understanding of the dynamics of RNA, 
including how RNA structure and dynamics modulate its function. 
SHAPE-JuMP 
To elucidate higher order RNA structure, Selective 2’-hydroxyl acylation analyzed by 
primer extension with juxtaposed merged pairs (SHAPE-JuMP) captures three-dimensional RNA 
nucleotide interactions. A SHAPE-JuMP experiment uses TBIA (trans-bis-isatoic anhydride) to 
form cross-links in the RNA through acylation of nearby 2’-hydroxyl groups, thereby capturing 
the three-dimensional interactions of the RNA (Figure 1A). In order to locate the crosslinked 
sites on the RNA, reverse transcription is performed using an engineered enzyme, a TgoT 
polymerase variant.11 When the reverse transcriptase enzyme reaches a crosslinker, rather than 
continuing transcription past it, the enzyme “jumps” to the other end of the cross-linked site and 
continues cDNA synthesis (Figure 2a). Once the cDNA is amplified and undergoes massively 
parallel sequencing, the cDNA sequence is compared to the known RNA sequence (Figure 2C). 
Deletions in the cDNA sequence caused by the enzyme jumping step can then be located 
computationally. Therefore, the nucleotides on the ends of the crosslink-induced deletions reveal 
where through-space RNA interactions occur, providing insight into the RNA’s tertiary structure.  























Figure 2. (A) An RNA animation depicting two base-paired helices close in 3D space. The 
crosslinker is shown in green and the reverse transcriptase in yellow. (B) Due to the reverse 
transcriptase “jumping” at the crosslinked site, the cDNA synthesized has a primary sequence 
deletion. (C) Sequence comparison of the cDNA to the reference RNA locates the crosslink-
induced deletion.  
 
The “jumping” activity of the enzyme at a cross-linked site is an atypical behavior and 
cannot be done by most reverse transcriptases. Furthermore, while the polymerase has the unique 
capability of “jumping” when it reaches a crosslinked site, it can also dissociate from the RNA 
and re-associate elsewhere, continuing reverse transcription of the RNA. In this case, 
background deletions are found in the cDNA, which do not correspond to tertiary structure. In 
order to account for these background deletions, N-methylisatoic anhydride (NMIA) was used in 
the place of TBIA as a negative control (Figure 1B). Since NMIA forms monoadducts on the 
RNA, monoadduct-induced deletions and other background deletions are captured from the 
control and allow for background correction of the TBIA samples. 
Here, we investigate the tertiary structure of RNase P Catalytic Domain using the 











and tertiary structure, RNase P was used to validate C8’s capability of performing SHAPE-JuMP 
experiments. The tertiary structure of the 16S rRNA subunit of prokaryotic E. coli was also 
investigated. The 16S rRNA was the longest RNA thus far examined by SHAPE-JuMP, and it 
was used to assess C8’s capability of reverse transcribing randomly-primed RNA. Structure 
modeling for long RNAs has been a prevalent challenge.10 If using SHAPE-JuMP could be used 





RNase P Catalytic Domain had “structure cassette” sequences flanking the 5’ and 3’ 
ends.12 Synthesis and purification were carried out as described in Ding et al.13  
For E. coli cells, 25 mL of cells were aliquoted into Sorval SS-34 centrifuge tube and 
pellet at 8K RPM (7600 RCF), 4° C, for 10 minutes. The supernatant was discarded. The cells 
were re-suspended in 16.5 mL Lysis buffer (15 mM Tris pH8, 450 mM Sucrose, 8 mM EDTA), 
and 6.6 mg Lysozyme was added. The samples were incubated at room temperature for 5 
minutes, then cooled on ice for 10 minutes. Protoplasts were collected by centrifugation at 6.5K 
rpm (5000 RCF), 4° C, for 5 minutes. The supernatant was discarded. Protoplasts were re-
suspended in 2 mL re-suspension buffer (50 mM HEPES, 200 mM NaCl, 5 mM MgCl2, 1.5% 
SDS wt/vol pH 8.0) + 16 uL proteinase K (20mg/mL) by vortexing. The samples were then 
incubated for 5 minutes at room temperature, then cooled on ice for 10 minutes. SDS was 
precipitated using 500 uL precipitation buffer (50 mM HEPES pH 8.0, 5 mM MgCl2, 1M K 
acetate). The samples were centrifuged for 5 minutes at 10K RPM (12000 RCF), and the 
supernatant was transferred to clean tubes (up to 750 uL for 2 mL tubes; up to 500 uL for 1.5 mL 
tubes). 
For E. coli RNA extraction, 1 volume of Phenol:Chloroform:Isoamyl (25:24:1) pH 8.0 
was added to cell lysate. It was shaken for 20 seconds and centrifuged for 5 min at 12000 RCF at 
room temp. The aqueous (top) phase containing RNA was transferred to a new tube. The 
extraction procedure was repeated twice for a total of 3 extractions. An additional extraction 
procedure was used once using neat chloroform to remove residual phenol from the aqueous 




RNase P (5 pmol) samples were denatured at 95°C for 1 minute and subsequently cooled 
on ice for 5 minutes. The samples were then incubated in folding buffer to a final concentration 
of 55 mM HEPES pH 8.0, 220 mM NaCl, and 5.5 mM MgCl2 at 37°C for 30 minutes. The 
folded RNase P was added to one-tenth volume 40 mM trans-bis-isatoic anhydride (TBIA). 
Negative controls were run for each set of experiments by treatment with one tenth volume 40 
mM N-methylisatoic anhydride (NMIA). The samples were incubated at 37°C for 15 minutes 
and purified using a G-50 micro spin column, following the manufacturer’s instructors.  
Next, 10 pmol of a directed primer was added to 5 pmol crosslinked RNase P and 
incubated at 95°C for 1 minute. The samples were then chilled on ice. Reagents were then added 
to a final concentration of 20 mM Tris-HCl, 10 mM (NH4)2SO4, 10 mM KCl, 2 mM MgCl2, 
0.1% Triton X-100, 200 µM dNTP, and 40 ng/µL C8 polymerase. Reverse transcription was 
performed for 4 hours at 65°C. The samples were purified using a G-50 micro spin column. 
Double stranded DNA was generated from the cDNA library via PCR1 using 12µL of RT 
product to a total volume of 25 µL.15  
For sequencing preparation, PCR2 was performed with 1 ng of PCR1 product as 
described for small RNA library preparation.15 The samples were subjected to a cleanup step 
(Agencourt AMPure XP beads, 1:1 beads-to-sample ratio) both after PCR1 and PCR2. Libraries 
were sequenced on an Illumina according to the instrument instructions. 
E. coli ribosomal RNA 
The SHAPE-JuMP method is the same as RNase P but with exceptions. E. coli rRNA 
(500 ng) samples were denatured, and a different folding buffer was used with a final 
concentration of 11 mM MgCl2, 55 mM HEPES pH 8, and 220 mM KAcetate. For random 
priming, 200 ng of an LNA 6mer was added to 500 ng of template RNA. Reverse transcription 
was performed at 45°C, 55°C, and 65°C, one hour each for a total of 3 hours. From this cDNA 
library, randomer library preparation was carried out as detailed by Smola et al.15  
Quantification and Statistical Analysis 
After library sequencing, two FASTQ files were generated per sample. For analysis of 
these files the ends of the reads were quality trimmed to remove nucleotides with quality scores 
lower than 20.15 The reads were then merged together with FLASH.16 The reads were 
subsequently aligned to the FASTA file reference sequence using BWA-MEM,17 and deletions 
were parsed from alignment. Deletion rates were calculated (total deletions/total reads aligned) 
for both NMIA and TBIA, and the deletions were normalized by read depth. NMIA deletions 
were subtracted from TBIA deletions. Scripts were run on these files to generate histograms for 
deletion rate, deletion length, and 3D contacts. The detected contacts were mapped on the known 
secondary and tertiary structures of RNase P Catalytic Domain (PDB ID: 3DHS) from Kazantsev 
et al8 and the 16S subunit of the E. coli rRNA (PDB ID: 4YBB) from Noeske et al.18  
 
III. Results 
Enzyme C8 Detects Tertiary Contacts in RNase P  
Folded RNase P Catalytic Domain was incubated with TBIA or NMIA for 15 minutes to 
maximize acylation with the 2’-hydroxyl of the RNA. With directed priming of the structure 
cassette sequences on the crosslinked RNA, primer extension was performed by reverse 
transcriptase C8. Due to the coverage of crosslinks all across the RNA, cDNAs were generated 
with an immense variety of primary sequence deletions. The output FASTQ files from 
sequencing cDNA amplicons were trimmed to remove low-quality end reads. The files were 
subsequently aligned to the template RNA sequence, allowing for sequence deletions to be 
located and parsed. TBIA had a larger deletion rate than NMIA, confirming that RNase P’s 
tertiary structure was being detected. The experimental TBIA samples were computationally 
corrected for background deletions using the NMIA control. Frequent deletions in the 99th 
percentile were used for the final analyses. 
When modeled on the secondary structure of RNase P, interactions were found between 
helices, indicating higher order folding of the RNA (Figure 3A). Cross-links between nucleotides 
in paired regions P5.1 and P15 were found as well as between P2 and P4, indicating that these 
regions are close in three-dimensional space. Contacts between nucleotides on the same hairpin, 
such as between P2 and P3, indicated sparse secondary structure detection as well. A pseudoknot 
in RNase P was detected by the cross-links located between helices P2 and P4, suggesting that 
SHAPE-JuMP can locate more defined, complex structures. X-ray crystallography was unable to 
capture the regions shown in red (Figure 3B and 4), so the interactions located on these red 
regions indicate crosslinked areas of RNA flexibility (Figure 3A).  
To confirm that the detected contacts are occurring in close through-space proximity, the 
distances between the nucleotides in three-dimensional space were calculated. These 
experimental distances were compared to background distances, which were computationally 
generated by a random sampling of deletions between nucleotide pairs from the sequence length 
distribution of high frequency deletions (Figure 3B, purple histogram). The experimental 
deletions have a narrower and shorter distance distribution compared to the background 
deletions, providing validation that the experimental deletions were due to tertiary contacts 
(Figure 4B). The distances above the 26 Å average likely represent enzymatic misbehavior at 
cross-linked sites, while the minimum distances correspond to close-captured tertiary contacts 
and some secondary structure detection. As the percentile cutoff is lowered, less frequent 
deletions are included, broadening the distribution and increasing the mean distance. 
        
Figure 3. (A) The known secondary structure of RNase P with the red nucleotides indicating 
regions modeled by hand and black lines showing base-pairing of the primary sequence. 
Through-space nucleotide-nucleotide interactions (green lines) were located using SHAPE-
JuMP. (B) The distance between interacting nucleotides in three-dimensional space is shown as a 
distribution (orange), with the purple histogram representing the distribution of distances for 
non-experimental, random deletions. 
 
By modeling on the known tertiary structure of RNase P, a three-dimensional 
visualization provides further insight into the validity of the detected interactions. Overall, the 
C8 polymerase in SHAPE-JuMP successfully detects nucleotide-nucleotide interactions that span 





















reveal more about RNase P’s higher order structure. The large cluster of detected interactions 
suggests a region of high RNA density. However, there are also tertiary contacts spread 




Figure 4. Known tertiary structure model of RNase P Catalytic Domain8 with the RNA 
backbone shown in purple. The detected tertiary contacts are in red as well as their distance (Å). 
 
 
Tertiary Contacts Detected on Randomly-Primed 16S Subunit  
The 16S subunit of the E. coli rRNA was crosslinked in its purified state. Since the rRNA 
was randomly primed, C8 reverse transcribed segments of cDNA randomly all across the 
crosslinked RNA template. The predicted tertiary contacts were modeled on the known crystal 
structure of the protein-bound 16S rRNA. There is a slight focus on the 5’ end of the rRNA since 
the protein-free 5’ region retains a similar conformation to the protein-bound form, 19 allowing 





Figure 5. The length of the primary sequence deletion of the 16S subunit of the E. coli rRNA 
detected for (A) the NMIA control and (B) TBIA 
 
While the 16S rRNA is over 1500 nucleotides long, nucleotides that are far apart in the 
RNA’s primary sequence have the capability of being close in three-dimensional space when 
folded. SHAPE-JuMP experimental analysis reveals that this is indeed the case (Figure 5). The 
short NMIA primary sequence deletions are expected due to the stochastic behavior of C8, 
causing frequent background deletions (Figure 5A). The crosslinked RNA, however, has short 
primary sequence deletions as well as longer ones that are over 1000 nucleotides in length 
(Figure 5B). This should only be possible if C8 captured cross-linked regions of the rRNA that 










Modeling these crosslink-induced deletions on the secondary structure of the 16S rRNA 
shows that SHAPE-JuMP detected a variety of internal RNA contacts. The convergence of three 
or more base-paired regions form multi-helix junctions. Although some multi-helix junctions are 
far apart in primary sequence, C8 detected crosslinks that suggest that they are close together in 
three-dimensional space (Figure 6, black boxes). SHAPE-JuMP also detected crosslinks between 
nucleotide ~20 and nucleotide ~1070 (Figure 6, blue box). While they are over 1000 nucleotides 
apart in primary sequence and appear to be long-range interactions based on the secondary 
structure plot, they are in close proximity when modeled on the tertiary structure of the RNA 
(Figure 7, blue box).  
 
 
Figure 6. The green nucleotide-nucleotide interactions detected from SHAPE-JuMP are modeled 
on the known secondary structure of the 16S subunit of E. coli. Black boxes indicate detection of 
multi-helix junctions while the blue box indicates interactions that are far away in primary 




Figure 7. (A) Known tertiary structure model of the 16S E. coli rRNA18 with detected tertiary 
contacts shown in red. The blue box indicates contacts that are 1000 nucleotides apart in primary 
sequence. (B) The 5’ region of the 16S rRNA is shown alone. 
 
 There is a large spread of detected tertiary contacts across the 16S rRNA, suggesting that 
the rRNA has a folded conformation (Figure 7A). While there are secondary structures detected, 
there are also clusters of tertiary contacts that are located both within and outside of the 5’ 
region. The pairwise interactions in the 5’ region are sparsely located, but there are short 
distances that suggest the 5’ region is in its folded state (Figure 7B). Overall, SHAPE-JuMP 
seems capable of capturing tertiary contacts of the 16S rRNA subunit via random priming.  
 
IV. Discussion 
The tertiary interactions modeled on the known three-dimensional structure of RNase P 
support enzyme C8’s capability of locating cross-links. Furthermore, detecting pseudoknots 
reliably has been a challenge for RNA modeling technologies,20 but locating the pseudoknot in 
A B 
RNase P suggests that SHAPE-JuMP has potential in addressing this challenge. While there are a 
range of 3D distances calculated for the detected tertiary contacts, the upper limit of 55 Å for 
high frequency deletions is low relative to the random background deletions (Figure 3B). 
Although NMIA controlled for background deletions, large experimental 3D distances suggest 
that the enzyme may be dissociating nucleotides downstream from the 3’ cross-linked site. When 
the enzyme re-associates upstream from the 5’-linked nucleotide, the pairwise interaction 
identified is inaccurate and farther in 3D distance. 
SHAPE-JuMP located a large spread of tertiary contacts on RNase P. Furthermore, three-
dimensional interactions on the 16S subunit of the E. coli rRNA were detected as well. Since 
enzyme C8 is able to reverse transcribe randomly-primed, cross-linked RNA, SHAPE-JuMP 
shows potential in being a method for locating tertiary contacts of long RNAs.  
The unbound 16S rRNA was previously shown to retain its tertiary structure only on its 
5’ end.19 Therefore, deviations from the crystal structure of the 16S rRNA were expected since 
the rRNA was crosslinked after purification. However, the contacts detected using SHAPE-
JuMP show that the rRNA is folded into a tertiary structure. This suggests that the unbound, 
purified form of the rRNA samples a conformation similar to that of the ribosome-bound rRNA, 
which requires further investigation. 
The 16S rRNA did not have the same large spread of deletions across its structure like 
RNase P. This may be due to the random primer preferentially annealing to regions with non-
crosslinked sites, leading to reverse transcribed cDNAs with less crosslink-induced deletions. 
This shortcoming is being addressed by decreasing the template concentration of the RNA, 
allowing for the primer to more cross-linked regions. 
Future work will focus largely on maximizing cross-links on RNAs through base 
catalysis of TBIA, allowing SHAPE-JuMP technology to capture the entire structure of RNAs. 
We would also like to examine the tertiary structure of in vivo cross-linked E. coli rRNA to 
confirm that SHAPE-JuMP detects the rRNA’s known tertiary contacts.  
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